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INTRODUCTION
Okadaic acid (C44H68013) is a toxic polyether derivative of a thirty-eight carbon monocarboxylic fatty acid found in common black sponges of the genus Halichondria (Tachibana, Scheuer, Tsukitani, Kikuchi, van Engen, Clardy, Gopichand & Schmitz, 1981) . It is a potent tumour promoter and also increases force production in smooth and cardiac muscle (see Takai, 1988) . All these effects are most likely to be related to its activity as a protein phosphatase inhibitor (Bialojan & Takai, 1988; Cohen, Holmes & Tsukitani, 1990) . In cardiac muscle, an increased level of cyclic AMP leads to several protein kinase-dependent positive inotropic effects (Tsien, 1977) , and the concept of positive inotropy due to adenylate cyclase stimulation or phosphodiesterase inhibition is well established. As a potent and specific protein phosphatase inhibitor, okadaic acid acts on this system by an additional independent mechanism, and is the first substance in which this mode of action has been identified (Takai, 1988) . In the experiments reported here, we examined the effects of okadaic acid on the calcium transients in isolated ferret ventricular muscle.
METHODS
Ferrets (n = 10) were deeply anaesthetized with an intraperitoneal injection of pentobarbitone (1 ml/kg Sagatal; RMB Animal Health Ltd), the chest was opened and the heart rapidly removed. Thin right ventricular papillary muscles of < 1 mm diameter were mounted horizontally in a muscle bath and the photoprotein, aequorin, was microinjected into superficial cells of the preparation. The aequorin light signal was measured as an indicator of the intracellular free calcium concentration. Tension and aequorin light were measured throughout an experiment as described previously (Allen & Orchard, 1983) . Experiments were performed at 30 OC and muscles stimulated at 1 Hz. The superfusing solution had the following composition (mM): Nat, 135; K+, 5; Ca2+, 1; Mg2+, 1; Cl-, 102; HCO3-, 20; H2PO4-, 1; so42-, 1; HEPES 10; acetate, 20; glucose, 10; insulin 5 U/I (40 nM). The solution was titrated to pH 7.4 and bubbled with 100 % 02. Okadaic acid was kindly provided by Dr Y. Tsukitani (Fujisawa Pharnaceutical Co., Tokyo, Japan). It was dissolved in dimethyl sulphoxide (DMSO) and added to experimental solutions. The maximum concentration of DMSO used (0-1 % v/v) had no detectable effect on either the calcium transients or tension.
RESULTS
Figure lA shows the effects of 10 pM-okadaic acid on the tension and calcium transients in an aequorin-injected ferret papillary muscle. There was a substantial inotropic effect which developed slowly over several minutes. This was accompanied by an increase in the amplitude of the calcium transients which developed with the same time course. Figure lB shows averaged records from a control period and during the maximum inotropic effect. Okadaic acid,caused a slight abbreviation of the twitch and calcium transient (Fig. lBc) . As shown in Fig. IA , the effects of okadaic acid on both tension and calcium transients were fully reversible. 
DISCUSSION
Okadaic acid has been found to increase the action potential duration in isolated heart muscle (Kodama, Kondo & Shibata, 1986) , and voltage clamp studies have shown that it causes a marked increase in the L-type calcium channel current (Hescheler, Mieskes, Ruegg, Takai & Trautwein, 1988) . Since this current is believed to be increased by phosphorylation (Reuter, 1983) , these are the expected effects of a phosphatase inhibitor. The finding of increased calcium transients following application of okadaic acid is fully consistent with these observations. Also in agreement with phosphatase inhibition as a mechanism of inotropy is the finding that the time required for washout of the effects of isoprenaline (which are mediated by cyclic AMP-dependent protein kinases) is prolonged by okadaic acid (Hescheler et al. 1988 ). Abbreviation of the twitch and calcium transient is also expected of an agent which potentiates the actions of endogenous cyclic AMP, because cyclic AMP-dependent phosphorylation of phospholamban increases the rate of uptake of calcium by the sarcoplasmic reticulum.
Comparison of the effects of okadaic acid with the effects of changes in Cao indicated that the increase in calcium transients was sufficient to account for the increase in tension: in other words no alteration in calcium sensitivity was observed. This is surprising because I-adrenoceptor stimulation is known to reduce calcium sensitivity (Endoh & Blinks, 1988) , presumably because phosphorylation of troponin I reduces the calcium sensitivity of troponin C. However, it has also been noted that okadaic acid increases myosin light chain phosphorylation (I. Morano, personal communication) , and this has been found to increase calcium sensitivity in skinned muscle (Morano, Hoffmann, Zimmer & Riiegg, 1985) . Thus the overall effect might be no net change in calcium sensitivity, as observed here. Such a combination of competing intracellular actions has been proposed to account for the lack of a net calcium sensitizing effect seen in intact muscle with pimobendan (Lee, Ruegg & Allen, 1989) , where a primary calcium sensitizing action of the drug is offset by its phosphodiesterase inhibiting activity (probably via increased phosphorylation of troponin I).
Okadaic acid is the first inotropic agent which has been found to work by phosphatase inhibition. It may be applied externally and has a fully reversible effect. Given the range of intracellular systems controlled by protein phosphorylation/dephosphorylation reactions, there appears to be great scope for developing drugs based on this mechanism of action.
